predict that the effector-binding domain resembles tRNA. We present the structure 30 of this domain, the overall folding of which is strikingly similar to canonical tRNAs. 31
The tertiary interactions that are responsible for stabilizing tRNA are present in 32
YrlA, making it a close tRNA mimic. However, YrlA lacks a free CCA end and contains 33 a kink in the stem corresponding to the anticodon stem. Since nucleotides in the D 34 and T stems are conserved among YrlAs, they may be an interaction site for an 35
INTRODUCTION 42
In addition to the canonical tRNAs that function in protein synthesis, several 43
RNAs depend on structural similarity to tRNA in order to function. These tRNA 44 mimics include the bacterial transfer-messenger RNA (tmRNA) that rescues stalled 45 ribosomes from mRNAs lacking stop codons and the tRNA-like structures that 46 contribute to translation and replication of positive-strand RNA viruses. For tmRNA, 47 the tRNA-like portion undergoes aminoacylation and binds the elongation factor EF-48
Tu, allowing it to enter the A-site of arrested ribosomes and function as an acceptor 49 for the stalled polypeptide (Keiler, 2015) . Although the viral tRNA-like sequences 50 have diverse functions in translation and replication, several are substrates for the 51 CCA-adding enzyme and a tRNA synthetase and interact with the elongation factor 52 EF-1A (Dreher, 2009 ). Additionally, tRNA-like structures at the 3´ end of several 53 mammalian long noncoding RNAs (lncRNAs) are cleaved by the tRNA 5´ maturation 54 enzyme RNase P, resulting in 3´ end formation of the upstream lncRNA and release 55 of a tRNA-like noncoding RNA (ncRNA) of unknown function (Sunwoo et al., 2009 ; 56 Wilusz et al., 2008) . respectively (Chen et al., 2014) . 118
To test the hypothesis that the YrlA effector-binding domain folds into a 119 tRNA-like structure, we determined the structure of the tRNA-like domain of S. 120
Typhimurium YrlA by X-ray crystallography. We show that the YrlA effector-binding 121 domain indeed assumes a similar overall fold as tRNA and that the same tertiary 122 interactions that stabilize tRNA are present in YrlA. In support of a critical role for 123 the tRNA-like module, both the ability to fold into a tRNA-like structure and specific 124 sequences within the structure are conserved in YrlA RNAs from a wide range of 125 bacteria. 126
RESULTS

127
We determined the crystal structure of the S. Typhimurium YrlA effector-128 binding module (nucleotides 15-93) at 3 Å resolution (Figure1A, Figure S1 ). To 129 obtain the high-resolution diffraction data, the 3-nucleotide (nt) loop 56 CCG 58 of YrlA 130 was changed to a 56 GAAA 58a tetraloop, where the extra nucleotide was numbered as 131 58a to maintain the original numbering of the subsequent nucleotides ( Figure 1B) . 132 14 GG 15 and 94 C were added to the construct to increase transcription yield and 133 stabilize the stem. The base pair A20-U88 was also mutated to C20-G88 for stem 134 stabilization. The modified YrlA crystallized in the C2221 space group and diffracted 135 to 3.0 Å resolution. The structure was determined by a combination of single-136 wavelength anomalous dispersion and molecular replacement methods (see 137
Materials and Methods section for more details). We were able to build all 138 nucleotides into the electron density map and the refinement statistics are 139 summarized in Table 1 The overall architecture of S. Typhimurium YrlA resembles that of tRNA 153
The YrlA RNA folds into a L-shaped structure that is characteristic of tRNAs. 154
As predicted from the secondary structure (Chen et Other tertiary interactions important for stabilizing tRNA structure are also 212 present in YrlA. For example, U32:A72 form a base pair equivalent to the Levitt base 213 pair C48:G15 of tRNA Phe ( Figure 2C ) (Levitt, 1969) . This base pair is evolutionarily 214 conserved in YrlA RNAs (Chen et al., 2014) . In addition, in YrlA, U65-A71-A77, C70-215 G78-G30 and A66-U69-A79 form three base triplets that stack on one another. The 216 equivalent base triplets are also found in tRNA Phe ( Figure 2D ( Figure 3A ). The presence of these structural features is consistent with the ability 238 of these two TLEs to be charged with amino acids and with their biological functions 239 (Dreher, 2009; Keiler, 2015) . 240
The DSL-TSL interaction is well conserved among the three TLEs ( Figure 3B) . 241 This is perhaps not surprising as this is a major interaction defining the tRNA fold. 
MATERIALS AND METHODS 424
Plasmid construction and RNA purification 425
The tRNA-like domain of S. Typhimurium YrlA was cloned into the EcoRI and 426
NheI sites of plasmid pHDV4 (Walker et al., 2003) , such that the YrlA coding 427 sequence was followed by the HDV ribozyme. S. Typhimurium YrlA was transcribed 428 from HindIII-linearized plasmid using T7 RNA polymerase (Milligan et al., 1987) . 429
The transcription reaction was mixed with an equal volume of ribozyme denaturing 430 buffer (8M Urea and 0.5M MgCl2) and incubated at 37 °C for 2h to increase HDV 431 ribozyme cleavage efficiency (Rosenstein and Been, 1990) . YrlA variants were made using QuikChange Site-Directed Mutagenesis (Agilent). 438
Crystallization and data collection 439
The purified YrlA RNAs were folded by heating to 95 °C for 2 min, 440 transferring to 60 °C and incubating for 2 min. MgCl2 was added at 60°C to a final 441 concentration of 10 mM and the reaction was quenched on ice for 30 min before 442 use. The folded RNA was then buffer exchanged to RNA crystallization buffer (50 443 mM sodium cacodylate, 50 mM KCl, 1 mM MgCl2 and 0.1 mM EDTA) using Amicon 444 Ultra Centrifugal Unit (Merck Millipore, Billerica, MA). The RNA was concentrated to 445 a final concentration of 1.2-1.5 mg/ml and screened for crystals using the 446 microbatch under oil method using the Nucleix Suite (Qiagen, Germantown, MD). 447
Crystals were readily formed under numerous conditions overnight. 448
Three YrlA variants were crystallized, namely YrlA WT, YrlA Tetraloop and 449
YrlA Tetraloop 3C, in which an additional cytosine was added to the 3´-end of YrlA 450
Tetraloop. The best crystallization conditions for each YrlA constructs were 451 summarized in Table S1 . Crystals were cryoprotected by Paratone oil (Hampton 452
Research, Aliso Viejo, CA) or 30% glycerol. Diffraction data was collected at the 453 Advanced Photon Source beamlines 24ID-C and 24ID-E. The data statistics are 454 summarized in Table 1 . 455
Structure determination and refinement 456
The structure of YrlA RNA was determined by a combination of single- Table 1 Data collection and refinement statistics (See also Figure S1 ) 605
Data collection
YrlA 
